Through analyzing the concentrations of selected heavy metals (Ba, Mn, Pb, Sr, Zn) in the bones and teeth of wild living and ecologically equivalent ruminants from the Tian-Shan (Capra sibirica and Ovis ammon polii) and the West Carpathians (Rupicapra rupicapra tatrica) we compared the environmental pollution levels of these two mountain ranges. The samples were analyzed by X-ray fluorescence. Significantly higher contents of Zn and Mn as well as a higher frequency of measurable occurrences of Mn, Ba, and Pb in samples from the West Carpathians confirmed the results of our previous study, that the West Carpathians are relatively more polluted by heavy metals than the Tian-Shan Mountains. The most probably contamination sources are mining and smelting as well as traffic emissions, which can reach remote mountain ranges through long distance atmospheric transport.
Introduction
Anthropogenic emissions from the extended territory of the Soviet Union and China considerably influenced the concentration of heavy metals in the Northern Hemisphere [1] [2] [3] [4] . Quantitative planetary boundaries for aerosol loading and chemical pollution have not yet been established and there is insufficient knowledge to suggest them [5] .
The Tian-Shan is one of the most polluted mountain ranges in central Asia by anthropogenic sources of heavy metals [2, 3, [6] [7] [8] . According to a study on ice core records from the Inilchek glacier in central Tian-Shan, pollutant sources originated primarily from Kazakhstan, Uzbekistan and Kyrgyzstan [2] . When considering the data presented in the State Statistic Committee of the Kyrgyzstan Republic's report in 2015, the volume of pollution released into the atmosphere from stationary pollution sources increased by 44 percent compared to 2011. Such a sharp increase in pollution is related to the increased use of coal by large scale heating plants due to low water periods. The emission of sulphur dioxide as one of the main air pollutants increased by 3.8 percent between 2014 and 2015 [9] .
The environment as a whole is being polluted, including wild animals living within it. Because animals living in the wild depend exclusively on the natural resources and the condition of soils present in their habitats, the effects of such pollution can be analyzed without provable influence from food intake, body weight gain [25] and bone biochemistry [26] . Ba, Pb, and Sr are mainly deposited in the skeleton, which is the major deposition site for many metals, where they are incorporated into bone minerals [27] .
The main objective of our research was to compare contents of selected heavy metals (Ba, Mn, Pb, Sr, Zn) between two different mountain ranges. Because calcified tissues are good bioindicators of long-term metal accumulation [27, 28] , we analyzed concentrations of selected heavy metals in the bone and tooth tissues of wild living and ecologically equivalent ruminants from Tian-Shan (C. sibirica and O. ammon) and the Tatra mountains (R. r. tatrica).
Experiments

Sample Collection and Analyses
Knowing that heavy metal concentrations increase with altitude much more than with soil conditions or other ecological factors [8, 29] , to determine element concentrations we used bone and tooth tissues from wild ruminants of the Bovidae family living in alpine environments. Different bone and tooth tissues (axillar and appendicular skeleton, teeth) were used based on the possibility of finding samples in the field. According to some studies, types of bone and tooth tissues have less effect on the trace element content than the environmental distribution of samples with distinctive levels of elements [30, 31] . Our samples were collected from two geographically isolated mountain ranges with distinctive possible pollution sources. In the Tian-Shan (N41.81961667 • , E77.58944444 • ; Republic of Kyrgyzstan), we used samples from the Asiatic ibex (Capra sibirica) (Figure 1a Atmosphere 2018, 9, x FOR PEER REVIEW 3 of 12 deposited in the skeleton, which is the major deposition site for many metals, where they are incorporated into bone minerals [27] . The main objective of our research was to compare contents of selected heavy metals (Ba, Mn, Pb, Sr, Zn) between two different mountain ranges. Because calcified tissues are good bioindicators of long-term metal accumulation [27, 28] , we analyzed concentrations of selected heavy metals in the bone and tooth tissues of wild living and ecologically equivalent ruminants from Tian-Shan (C. sibirica and O. ammon) and the Tatra mountains (R. r. tatrica).
Experiments
Sample Collection and Analyses
Knowing that heavy metal concentrations increase with altitude much more than with soil conditions or other ecological factors [8, 29] , to determine element concentrations we used bone and tooth tissues from wild ruminants of the Bovidae family living in alpine environments. Different bone and tooth tissues (axillar and appendicular skeleton, teeth) were used based on the possibility of finding samples in the field. According to some studies, types of bone and tooth tissues have less effect on the trace element content than the environmental distribution of samples with distinctive levels of elements [30, 31] . Our samples were collected from two geographically isolated mountain ranges with distinctive possible pollution sources. In the Tian-Shan (N41.81961667°, E77.58944444°; Republic of Kyrgyzstan), we used samples from the Asiatic ibex (Capra sibirica) (Figure 1a 
X-ray Fluorescence Spectrometry
The samples were analyzed by X-ray fluorescence, using the hand-held XRF Spectrometer DELTA CLASSIC (Innov-X Systems, Inc., Woburn, MA, USA.) [32] . The handheld X-ray fluorescence was already used for scanning the hard tissues including horns, antlers, teeth and bones and it was demonstrated that a handheld XRF is an effective and accurate tool for analytical investigation [33] . We used the CONOSTAN calibration standard [34] . Samples of bones and teeth were mechanically cleaned and rinsed with distilled water, to prevent contamination of the sample with surface extrinsic elements. Subsequently, the upper layers of bones were carefully ground because of accumulated impurities from the environment, in order to obtain pure bone element contents. A direct method of analysis, without the usage of cuvettes nor homogenization of samples was used. We used multiple-beam measurement, in which every measurement consisted of 3 beams for 30 seconds, repeated three times, and then averaged. The results were given in ppm (part per million) units. We used 38 samples (tooth and bone tissues) from the Tian-Shan and 30 from the West Carpathians.
Our instrument was certified and verified by multiple measurements. We measured two soil matrix standards (No. 2710a and 2711a) [35, 36] and one beef liver standard (NCS ZC 71001) [37] . There were minimal standard deviations between certified values and our measured values. We also repeated measurements on soil matrix standards, to demonstrate repeatability. The standard deviation (SD) was stable and minimal for all repeated measurements.
Using the multiple testing of our bone and tooth samples we found minimum values of the concentrations of distinct elements that our instrument was able to measure, in constant conditions. Limits of detection for each measured metal were determined from samples, in which the content of this metal was at the limit of detection. The minimum content of a particular element represented the current detection limit of the spectrometer for the measured material [38] . The minimum values are presented in Table 1 for the Tian-Shan and in the Table 2 for the West Carpathians.
Certified limits of detection of selected elements measured in our samples for the handheld XRF Spectrometer DELTA CLASSIC using the soil matrix are: Mn: 10-30 ppm, Zn: 10-15 ppm, Ba: 40-60 ppm, Pb: 5-10 ppm, and Sr: 3-5 ppm [39] . 
The samples were analyzed by X-ray fluorescence, using the hand-held XRF Spectrometer DELTA CLASSIC (Innov-X Systems, Inc., Woburn, MA, USA.) [32] . The handheld X-ray fluorescence was already used for scanning the hard tissues including horns, antlers, teeth and bones and it was demonstrated that a handheld XRF is an effective and accurate tool for analytical investigation [33] . We used the CONOSTAN calibration standard [34] . Samples of bones and teeth were mechanically cleaned and rinsed with distilled water, to prevent contamination of the sample with surface extrinsic elements. Subsequently, the upper layers of bones were carefully ground because of accumulated impurities from the environment, in order to obtain pure bone element contents. A direct method of analysis, without the usage of cuvettes nor homogenization of samples was used. We used multiple-beam measurement, in which every measurement consisted of 3 beams for 30 s, repeated three times, and then averaged. The results were given in ppm (part per million) units. We used 38 samples (tooth and bone tissues) from the Tian-Shan and 30 from the West Carpathians.
Using the multiple testing of our bone and tooth samples we found minimum values of the concentrations of distinct elements that our instrument was able to measure, in constant conditions. Limits of detection for each measured metal were determined from samples, in which the content of this metal was at the limit of detection. The minimum content of a particular element represented the current detection limit of the spectrometer for the measured material [38] . The minimum values are presented in Table 1 for the Tian-Shan and in the Table 2 for the West Carpathians. Certified limits of detection of selected elements measured in our samples for the handheld XRF Spectrometer DELTA CLASSIC using the soil matrix are: Mn: 10-30 ppm, Zn: 10-15 ppm, Ba: 40-60 ppm, Pb: 5-10 ppm, and Sr: 3-5 ppm [39] .
Statistics
For statistical analysis, we chose elements measured in our samples with the highest accuracy that were found in both mountain ranges: Ba, Mn, Pb, Sr, and Zn. Data were standardized considering the possible eccentricity of some measurements. The average values of the elements were calculated. The Chi-squared test was applied to data with an abundance of positive and negative measurements of elements in the samples from different mountain ranges (p < 0.05). In cases where sample size was recorded as 20 to < 40, but an expected value was < 5, we used the Fisher's Exact test (case of Zn). In the case of two zero values in the cells with total observation values, frequencies of element occurrence in different mountain ranges could not be evaluated (case of Sr). Because the distribution of observed levels of trace elements was normal according to the Shapiro-Wilk test, the parametric Student's t-test was used to compare element concentrations between different mountain ranges. Statistical analyses were performed with Statistica 12 software for Windows (Stat Soft CR, Prague, Czech Republic).
Results
We determined the presence of the following elements in our samples from both mountain ranges: P, S, Cl, K, Ca, Ti, Cr, Mn, Fe, Ni, Cu, Zn, Rb, Sr, Zr, Mo, Ag, Sn, I, Ba, Hg, and Pb. Other elements, which were measured but were less than detection limit in all our samples, included Co, As, Se, Cd and Sb. Sr was found in all of our samples from the Tian-Shan as well as from the West Carpathians. Zn was measured in all samples from the West Carpathians. Selected heavy metals (Ba, Mn, Pb, Sr, Zn) were subsequently used for comparison of these two regions.
We found significant differences in the frequency of occurrences of Mn, Ba, Pb and Zn between the two mountain ranges, whereas Sr was measured in all samples from both mountain ranges (Table 3) . For each element, the means were calculated only from samples in which the amount of an element was above the detection limit of the spectrometer DELTA CLASSIC (Tables 1 and 2 ).
Significant differences in element concentrations between mountain ranges were found only for Zn and Mn (Table 4) . 
Discussion
It was found that Mn is poorly absorbed by ruminants [40] . Thus, the higher content of this element in animal bones is most likely the result of a long-lasting increase in exposure. The "normal" range of mammalian tissue Mn concentrations is 0.3-2.9 ppm [41] . However, bone, brain, liver, pancreas, and kidney tissue have high Mn concentrations [41] . This element was found in more samples and with higher content in the West Carpathians than in the Tian-Shan mountains. The major pool of Mn in soils originates from crustal rock, with other sources including direct atmospheric deposition, wash-off from plants and other surfaces, leaching from plant tissues, and the shedding or excretion from plant and animal matter [42] . The major anthropogenic source of environmental Mn include emission from Mn is mining. Another emerging source of Mn pollution is the gasoline additive methylcyclopentadienyl manganese tricarbonyl (MMT), an organic derivative of Mn that was introduced to automobile fuel formulas as an octane-boosting and antiknock agent [42] . According to a study on sediments in Smreczynski Staw Lake in the Tatra mountains, Mn concentrations have increased since the beginning of the 20th century, but most significantly since the end of the 20th century. This could be the result of transportation from remote sources and acid rain [43] . Contrary to the West Carpathians, the Inilchek glacier, located in central Tian-Shan, was recognized to contain a conservative natural crustal element, from metal dust containing Mn [2] . The majority of our samples originated from the Ysyk-Köl region (oblast), where the Inilchek glacier is located.
Ba and Pb were elements found in higher concentrations in the West Carpathians than in the Tian-Shan mountains (Tables 1 and 2 ). Pb was found in only one of the samples from the Tian-Shan mountains, but in many samples (n = 17) from the West Carpathians (Table 3 ). This may be caused by traffic emissions. The highest emission levels in Central Asian countries are associated with big cities, which are further away from mountain ranges than they are in Europe [44] . Pb levels in Tatra lake sediments, increased in the samples from the 20th century, and are likely deposited from air pollution resulting from the development of road transport [43] . Ba is present in diesel and unleaded gasoline, so the element was recognized as a valuable tracer for vehicle emissions, in the place of Pb. Ba and Pb are both connected with vehicle emissions, so the presence of these elements is most likely a result of the differences in emission transport between the two mountain ranges [45] . In the Tian-Shan Inilchek glacier, Pb levels showed a decline during the 1980s in conjunction with the Soviet economic decline. Due to the rapid industrial and agricultural growth of western China, Pb increased during the 1990s, reflecting a transition from primarily central Asian sources to emission sources from western China (e.g., Xinjiang Province) [2] . It was found that coal burning emissions and Pb in vehicle gasoline were major sources of heavy Pb pollution in the Tian-Shan mountains region [3] .
We found that R. r. tatrica, as the only West Carpathian ruminant species living in alpine habitats, had significantly higher levels of Zn than ruminants from the Tian-Shan mountains. Although anthropogenic emissions from the extended territory of the Soviet Union and China considerably influenced concentrations of heavy metals in the Northern Hemisphere, according to the results of several studies, Zn emissions have declining trends. These can be attributed to the economic downturn in industry, changes in technology to an increasing metal recovery from ores, the replacement of coal and oil by gas, and air pollution control [1, 46, 47] . Potential sources of heavy metals in the Tatra mountains may be northern Moravia in the Czech Republic and the Małopolska district in southern Poland with Zn-Pb mines and smelters [48] [49] [50] [51] . In addition, our previous studies show high levels of Zn were found in the bones and teeth of Tatra marmots, with this element being detected in all samples [38, 52] . In a study of snow voles from the Tatra mountains, Zn was also found in all samples, and the mean amount of Zn in bone tissues was 72.49 ppm ± 24.76 [53] .
One-time uptake of Zn in higher concentrations from food sources is almost immediately excreted from the organism by feces. It is only after a long period of higher uptake that the ruminant will adapt to higher Zn levels [54] . It follows then, that there is a higher concentration of Zn in ruminant food sources in the West Carpathians than in the Tian-Shan mountains. This is, of course, applicable only for non-toxic dosages [54] . Furthermore, it was found that Zn was the most responsive to excessive supply and is deposited more commonly in bones compared to other body tissues [55] . Therefore, bones of ruminants can be a very good indicator of Zn availability in the area.
Main sources of environmental contamination of Zn and Pb, along with other heavy metals, include the coal and mining industries [56] [57] [58] [59] [60] . We expect that the Zn and Pb pollutants in our samples from the West Carpathians were transported by atmospheric flows from Zn-Pb smelters due to prevailing north-western winds in the Tatra mountains. However, Pb and Zn have not been mined in the neighboring Czech Republic recently, and mining and smelting of these heavy metals was also reduced in Poland [51] . Pb and Zn ore is still mined in southeastern Poland in the Silesia-Cracow region at two underground mines (the Olkuz-Pomorzany Mine and the Trzebionka Mine) [51] , which are close to the Tatra mountains. In soils sampled at historical metal mining sites in western Małopolska, Pb content ranged from 72.8 to 16931 and Zn content ranged from 322 to 41860 ppm. These levels are indicative of heavy contamination of the surrounding environment by these metals [50] .
Zn levels in the bones of Tatra chamois were similarly high compared to those found in bones of small rodents from Zn polluted areas in Slovakia [56, 61] . Zn and Pb pollution in Slovakia may also be attributed to prevailing north-western winds from the highly polluted Upper Nitra region, which is home to various anthropogenic sources of pollution (chemical plant, coal power station, coal mines, stone and limestone pits, aluminum production, factories, and intensive agricultural production), as confirmed by several studies [28, 56, 61] .
Zn accumulation due to traffic emissions should not be ignored. However, studies on heavy metals emitted by vehicles in Florence show that Ba, Mn, Pb, and Zn, along with Cu and Fe are all pollutants resulting from emissions [60] . Zn contaminants from mining and smelting, along with pollutants emitted by diesel-engine vehicles, could be deposited on mountain ridges through wet and dry atmospheric deposition.
Although Sr concentration results were non-significant, slightly higher mean values were measured in samples from the Tian-Shan mountains. Sr occurs frequently as an isotope in rocks. Due to weathering and hydrologic cycles, Sr from these rocks penetrates into soils, plants, and subsequently into animal skeletons [61] . In bones, Sr is highly related to P content [38] . It was found that Sr in bones decreases as dietary phosphorus increases [62] . When we consider that differing Sr values mainly occurred between the two species from the Tian-Shan mountains, not between species from different mountain ranges, we can potentially attribute them to the distinctive dietary preferences of each species [63] , as different plants, mosses or lichens and different plant tissues contain specific concentrations of elements [8] .
The concentration of (Ba, Mn, Pb, Sr, and Zn) in the West Carpathians may, in addition to mentioned sources, be associated to some extent with emissions from the paper and pulp factory located in Ružomberok (a town situated in north-western Slovakia). Several studies were conducted dealing with these heavy metal pollutants from the Ružomberok industrial zone [64] [65] [66] . This industrial zone is located near the Tatra mountain range and through prevailing north-western winds the emissions could easily be transported to alpine areas of the West Carpathians, as was also partially confirmed by a study on elements in the needles of Abies alba from the West Carpathians [67] .
The content of elements in bone tissues may also be impacted by the exposure of the bones to the elements in the terrain. Bones from the terrain were already used for element analysis [68] , but some studies show that element concentrations in older bones can be influenced by the presence of microorganisms, which, while helping to decompose the bone, impact element concentrations [69] . The element ratios in different, old bone samples may also be affected by biological degradation and environmental leaching [70] . In our study we used bone samples without evidence of visible marks of weathering or decomposition to mitigate this effect, and the samples were carefully cleaned and ground.
Tissue type (bone or tooth) may also potentially impact results. We used two different tissues: Bones and teeth. The analysis of ruminant permanent teeth is a useful indicator for assessing life-long intoxication by environmental pollution [71] . However, the concentrations of Ba, Mn and Zn in teeth of roe deer showed positive linear relationships with individual age. No such trends were recorded for trace element content in bones [71] .
Conclusions
We found significant differences in the accumulation of Mn and Zn between bone samples from the Tian-Shan mountains and from the West Carpathians. The higher content of Zn and Mn pollutants in samples from the West Carpathians is likely attributable to mining and smelting, as well as road transport emissions in adjacent regions to the Tatra mountains. When analyzing the frequency of occurrence of selected heavy metals (Mn, Ba, Pb, Sr, Zn), we found significantly higher frequencies of measurable Mn, Ba, and Pb in samples from the West Carpathians than from the Tian-Shan mountains. Significant amounts of heavy metals (Mn, Ba, Pb, Sr, Zn) are discharged in the atmosphere from anthropogenic sources in the north-west parts of Europe and through the prevailing north-western winds transported to alpine areas of the West Carpathians, where atmospheric contaminants accumulate. Metal pollutants deposited to the surface of the Earth from the air gradually penetrate into soils, plants, and subsequently into animal skeletons. We found that the Tian-Shan mountains are less polluted by some heavy metals than the West Carpathians. This could be a result of the longer history of industrialization in Western Europe as well as relatively shorter distances between pollutant sources in Slovak, Poland and the Czech Republic to sample sites in the Tatra mountains. Trace metals in bones and teeth of wild ruminants have been shown to be qualitative indicators of heavy metal contamination from atmospheric deposition in high mountain ecosystems.
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